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 CHAPTER 1. GENERAL INTRODUCTION AND LITERATURE REVIEW 
 
The western corn rootworm (WCR) Diabrotica virgifera virgifera LeConte 
(Coleoptera: Chrysomelidae) is a highly damaging pest of maize (Zea mays L.) with a 
rich history of adaptation to control practices (Levine and Oloumi-Sadeghi 1991, Gray et 
al. 2009).  In 2003, transgenic maize expressing insecticidal proteins derived from 
Bacillus thuringiensis (Bt) were first registered in the U.S. for commercial use against 
WCR (EPA 2011). Due to the perceived risk of insect resistance evolution to this new 
technology, the US Environmental Protection Agency (EPA) mandates insect resistance 
management plans be developed for each Bt product (Huang et al. 2011, Tabashnik et 
al. 2013). None of the current available Bt maize products targeting WCR are 
considered “high dose” (capable of killing virtually all susceptible and heterozygote 
individuals), which warrants special considerations with respect to managing resistance 
(Gassmann 2012, Tabashnik and Gould 2012). The effectiveness of any resistance 
management plan is contingent on characterizing the complex relationship of genetic, 
biological, and operational factors that influence resistance evolution (Georgiou and 
Taylor 1977, Georgiou 1983, Roush and Croft 1986). An important tool for making this 
characterization is a reliable bioassay capable of yielding an accurate assessment of 
pest susceptibility and distinguishing susceptible from resistant individuals (Binning et 
al. 2010, Stanley 2014).   
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Western Corn Rootworm Biology 
The WCR was first recorded in Kansas in 1868 and was described by LeConte 
(Chiang 1973). Its distribution in North America was limited to portions of the Great 
Plains until the 1950s when more rapid range expansion began to occur presumably in 
conjunction with the expansion of non-rotated maize plantings after World War II 
(Chiang 1973, Meinke et al. 2009).  The expansion of this pest continued beyond the 
Americas in the 1990s with multiple introductions into parts of Europe and by 2007 it 
had been found in 20 European countries (Kiss et al. 2005).  
 The WCR is a univoltine species with eggs laid below the soil surface of primarily 
maize fields between late July and early September (Ball 1957, Gray et al. 2009). The 
pest overwinters in the egg stage and typically undergoes a diapause or chilling period 
prior to hatch (Chiang 1973). Eggs hatch in the spring after one chilling period although 
a majority of eggs are capable of hatching without chilling and a small proportion (<5%) 
can hatch after two consecutive chilling periods (George and Ortman 1965, Levine et al. 
1992). However, the hatch that occurs in the absence of a chilling period is considerably 
less succinct (George and Ortman 1965). This continuum of egg hatch reflects a genetic 
plasticity and a preadaptation to different selection pressures that appear to be 
hallmarks of the WCR (Chiang 1973). 
 Larvae of the WCR are the most economically damaging stage and feed 
predominately on roots of maize although it has been documented that they can feed 
and develop on other grass species (Branson and Ortman 1967,1970, Oyediran et al. 
2004). The WCR has three larval stages with early instars establishing on root hairs or 
other outer root tissues and later instars frequently burrowing into root tissues and in 
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some cases pruning roots (George and Hintz 1966, Chiang 1973). Larval injury to roots 
renders plants more susceptible to drought and root disease, results in decreased yield, 
and increased stalk lodging often affecting the grower’s ability to harvest maize 
(Moellenbeck et al. 2001). The relationship between WCR injury and the resulting 
agronomic response in maize plants was characterized by Turpin et al. (1972) and has 
been revisited by many other entomologists (Stamm et al. 1985, Mayo 1986, Sutter et 
al. 1990, Davis 1994, Gray and Steffey 1998, Urias-Lopez and Meinke 2000). More 
specifically, the relationships between rootworm larval injury and reductions in 
vegetative biomass (Spike and Tollefson 1991, Godfrey et al.1993b), stalk lodging 
(Sutter et al. 1990), nutrient content (Kahler et al. 1985), above ground dry weights 
(Gibb and Giggins 1991), gas exchange parameters (Riedell 1990, Godfrey et al. 
1993a), nitrogen deficiencies (Spike and Tollefson 1989, Reidell et al. 1996), 
photosynthetic rate/vegetative growth (Urias-Lopez et al. 2000), and yield (Chiang et al. 
1980) have been examined.  
Pupation of the WCR occurs in the soil with adults emerging directly from it 
(Krysan 1986). Males exhibit protandry with initial emergence approximately 5 days in 
advance of females (George and Ortman 1965, Short and Hill 1972, Branson 1987). 
Adult WCR feed predominantly on the vegetative and reproductive tissues of maize 
occasionally interfering with pollination due to silk feeding (Ball 1957, Levine and 
Oloumi-Sadeghi 1991). However, adults will move to other nearby plant species as the 
maize senesces (Ball 1957, Levine and Oloumi-Sadeghi 1991). Mating takes place 
shortly after female emergence with males often mating several times while females 
typically mate once (Ball 1957, Hill 1975, Guss 1976, Branson et al. 1977). Adult 
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longevity is highly variable in the field and females outlive males on average (Ball 1957, 
Branson and Johnson 1973, Hill 1975). Following a pre-ovipositional period of roughly 
13 days, females lay their eggs periodically in clutches for up to 60 days or more 
(Branson and Johnson 1973, Hill 1975).  Mean lifetime fecundity of females varies 
widely across nutritional conditions with values over 1000 eggs per female recorded in 
laboratory studies (Branson and Johnson 1973, Hill 1975) and approximately 440 eggs 
per female in the field (Boetel and Fuller 1997). 
 Adult WCRs exhibit both long- and short-range movement. Males exhibit 
extensive intra-field movement to locate potential mates but are less likely to engage in 
long-range flight than females (Spencer et al. 2009). Female movement is typically 
limited prior to mating (Ball 1957, Hill 1975, Lew and Ball 1979). After mating, female 
WCR frequently exhibit longer-range inter-field movement occasionally moving 10 km or 
more if caught up in summertime storms (Grant and Seevers 1989, Isard et al. 2004). 
Females will forage randomly once settled in a new field. However, they may move to 
another field eventually following the phenology of less mature maize (Naranjo 1994). 
 
Western Corn Rootworm Management 
Cultural control. Since the early 1900s, the most effective method of WCR 
management has been annual rotation of maize and other crops, and this is still a viable 
option in many areas due to host specificity (Chiang 1973, Levine and Oloumi-Sadeghi 
1991, Sappington 2006). Resistance in WCR to crop rotation was first observed in the 
late 1980s with severe damage documented in first-year maize fields following 
soybeans in east-central Illinois and has since spread to a larger area of the eastern 
5 
 
U.S. corn belt (Onstad et al. 1999, Levine 2002). This resistance was eventually 
characterized as a behavioral adaptation of females for an increased propensity for 
inter-field movement and a loss of fidelity to oviposit in maize fields (Spencer et al. 
2009, Levine 2002). More recently, research suggests that this behavioral adaptation is 
facilitated by an elevated tolerance to soybean allelochemicals via digestive enzymes 
and gut microbiota (Curzi et al. 2012, Chu et al. 2013). Thus, the development of 
rotational resistance in WCR and the propensity of growers to plant continuous maize 
and have driven the need for other control measures (Chiang 1973, Levine and Oloumi-
Sadeghi 1991, Meinke et al. 1998, Levine 2002).  
Chemical control. Synthetic insecticides targeting WCR are typically applied 
either to the soil at planting to protect the root system from larval feeding or in an aerial 
application to reduce adult populations prior to oviposition (Levine and Oloumi-Sadeghi 
1991, Meinke et al. 1998). Resistance to cyclodiene soil-applied insecticides was 
documented as early as 1959 in Nebraska (Ball and Weekman 1962). As a result of 
failures to control WCR larvae with soil applications, more growers began applying adult 
control (Meinke et al. 1998). With widespread aerial applications, control failures of 
aerially applied methyl-parathion and carbaryl were reported in the 1990s (Meinke et al. 
1998). Viable synthetic insecticide options are still available today but many of the 
original chemistries are either ineffective, illegal, or both (Metcalf 1986).  
Biological control. Several entomopathogens including nematodes and fungi 
have been tested for efficacy to biologically control the WCR (Jackson 1996, Journey 
and Ostlie 2000, Meyling and Eilenburg 2007, Pilz et al. 2007, Toepfer et al. 2009, 
Toepfer et al. 2010, Petzold-Maxwell et al. 2012, Hoffmann et al. 2014). Nothing has 
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been commercially deployed in the U.S. however, biological control may gain wider 
acceptance as a WCR management option in Europe (Gray et al. 2009).  
Native host plant resistance. Native resistance in maize against the WCR has 
been predominately characterized as tolerance imparted by larger and more robust root 
systems as opposed to antibiosis (Reidell and Evenson 1993). Nonetheless, there are 
compounds in maize roots that cause antibiosis and antixenosis, but few varieties 
contain them at a commercially efficacious level (Arnason et al. 1997). Continuous 
research efforts to mine the existing maize germplasm for native resistance are being 
made (Gray et al. 2009).   
Transgenic host plant resistance. Most attention in the area of host plant 
resistance has been given to the recent development of transgenic events expressing 
toxins derived from the bacteria Bacillus thuringiensis. Bacillus thuringiensis (Bt) is a 
family of ubiquitous gram-positive bacteria that produce parasporal crystalline inclusions 
during sporulation (Hofte and Whitely 1989, Gill et al. 1992, Schnepf et al. 1998). This 
bacterium was first discovered in Japan in 1901 on a silk farm and has been used 
widely since the 1960s as a commercial insecticide (Hofte and Whitely 1989, Knowles 
1994). Upon ingestion, these crystals are then solubilized in the insect midgut, releasing 
proteins called δ-endotoxins (Gill et al. 1992, Schnepf et al. 1998).  These endotoxins 
are activated by midgut proteases before binding specifically to brush border membrane 
vesicles and inserting into the apical membrane of the midgut epithelium (Gill et al. 
1992, Knowles 1994, Schnepf et al. 1998). This insertion results in the formation of ion 
channels or pores that disrupt the integrity of the membrane causing septicemia and 
eventual death of the insects (Hofte and Whitely 1989, Gill et al. 1992, Schnepf et al. 
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1998). The main advantages of Bt spray formulations are their specificity, unique mode 
of action, and the relatively slow rate of resistance development by insects, which has 
been hypothesized to be attributed to its low persistence in the field post application 
(Hofte and Whitely 1989, Knowles 1994, Gould 1998, Schnepf et al. 1998). Knowles 
(1994) noted that some of the advantages of Bt formulations, such as specificity and 
lack of persistence in the field are ironically also disadvantages as they can limit the 
efficacy of these products.  
 Recent advances in biotechnology have resulted in plants that are genetically 
engineered to produce Bt proteins in planta (Schnepf et al. 1998). Bt crops have been 
widely adopted with worldwide plantings increasing from 1.1 million hectares in 1996 to 
66 million hectares in 2011 (Tabashnik et al. 2013). The benefits of this new delivery 
system include constitutive production of Bt protein over an extended period of time, 
ability to target pests that were previously difficult to treat (e.g. tunneling pests and root 
feeders), and increased efficacy in many cases (Roush 1997, Schnepf et al. 1998). 
However, the constitutive expression of the Bt toxin in these plants and the rapid 
adoption of Bt transgenic crops can enhance the potential for evolution of resistance 
against this technology (Roush 1997).  Additionally, Bt transgenic plants may provide an 
ideal environment for the development of resistance since several generations of 
insects per year will be continuously exposed to the Bt toxin (Hofte and Whitely 1989).  
 
Factors Influencing Bt Resistance Evolution In Insects 
 Evolution of insecticide resistance is determined by a variety of genetic, 
biological, and operational factors (Georgiou and Taylor 1977, Georgiou 1983, Roush 
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and Croft 1986). Genetic factors include initial allele frequency, sex-linkage, number of 
genes involved, dominance, and fitness affects (Georgiou and Taylor 1977, 
International Life Sciences Institute 1998). Biological factors include mortality (both 
biotic and abiotic), as well as generational, reproductive, and behavioral characteristics 
(Georgiou and Taylor 1977, International Life Sciences Institute 1998). Operational 
factors include aspects of the pesticide itself as well as the application method 
employed (Georgiou and Taylor 1977). These operational factors are exogenous and 
therefore can often be altered to manage resistance (Georgiou 1983). For Bt maize, 
these operational factors could include the number of toxins encountered by the insect, 
the dose of each toxin encountered by the insect, the independence of the multiple 
toxins encountered, and spatial/temporal attributes of exposure to toxin by the insect, 
which may include areas of untreated refuge (Georgiou and Taylor 1977, International 
Life Sciences Institute 1998). The genetic and biological factors are inherent to the 
insect population and therefore may not be manipulated (Georgiou 1983). Nonetheless, 
the influence of these factors on the evolution of resistance requires that they be 
characterized and understood to the extent possible in order to design an effective 
resistance management plan (Onstad and Gassmann 2014).  
One of the most influential genetic factors is the initial frequency of resistance 
alleles in a population prior to selection (International Life Sciences Institute 1998). 
Additionally, in the majority of cases, models predicting resistance evolution are most 
sensitive to initial allele frequency and dominance of resistance (Pan et al. 2011). A 
higher initial allele frequency could hasten the development of resistance (Gould 1998, 
Onstad and Gassmann 2014). However, this frequency is very difficult to measure 
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because it is often quite low (Roush and McKenzie 1987, International Life Sciences 
Institute 1998). Furthermore, the phenotype of a given resistance gene and efficient 
means to detect it may not be known until resistance evolves in the field (Roush and 
Croft 1986). This would, in many cases, be too late for effective resistance management 
to occur. In the absence of data, these frequencies are often estimated conservatively 
based on the mutation-selection balance (Roush and McKenzie 1987). This balance is 
based on the concept that the frequency of any allele prior to selection is maintained at 
equilibrium between generation of new alleles via mutation and natural selection against 
those alleles (Roush and McKenzie 1987).  This selection against resistance alleles is 
attributed to fitness costs often associated with them (Roush and McKenzie 1987, 
Gassmann et al. 2009). Scientists working with insecticide resistance have often 
assumed that 1 x 10-6 is a reasonable initial allele frequency estimate but recent data for 
Bt crops suggest that it can be higher (International Life Sciences Institute 1998). 
Carrière et al. (2010) summarized all estimations of initial allele frequency for 
lepidopteran pests targeted by Bt maize to date and found values as high as 0.16. Past 
exposure to a selective agent is also of importance because it has the potential to 
increase initial resistance allele frequency above that which would otherwise be 
maintained by the mutation-selection balance (Georgiou 1983, McKenzie 1996).  
The number of genes involved can influence the rate of resistance evolution but 
the relationship is not a simple one. Modeling suggests that under certain 
circumstances polygenic resistance may evolve more quickly than monogenic 
resistance and vice versa (International Life Sciences Institute 1998). Each case is 
dependent on all the other factors influencing resistance evolution for each individual 
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gene as well as the characteristics of the relationship between multiple genes (Alstad 
and Andow 1996).  
Dominance refers to the phenotypic resemblance of heterozygotes to one of their 
parents (Roush and Croft 1986). If heterozygotes closely resemble their susceptible 
parents, resistance is recessive (Roush and Croft 1986). If heterozygotes resemble 
homozygous resistant individuals, resistance is dominant (Roush and Croft 1986). It is 
expected that as dominance increases, so does the rate of resistance evolution if all 
other factors remain constant (Tabashnik et al. 2008). Dominance level in the field is 
dependent on the dose the pesticide being encountered and therefore is often referred 
to in terms of functional dominance (Curtis et al. 1978, Georghiou 1983, Roush and 
Croft 1986). For example, if a pesticide is applied in such a way that it causes mortality 
for virtually all heterozygotes (RS) and susceptible homozygotes (SS), then resistance 
in that situation would be rendered functionally recessive (Curtis et al. 1978, Georgiou 
1983, Roush and Croft 1986, International Life Sciences Institute 1998). Huang et al. 
(2011) summarized dominance calculations for cases where a major Bt-resistance allele 
was present and found a range of values from recessive to partially dominant based on 
species, toxin, and evaluation method.  
Fitness costs are a trade-off in which alleles that confer increased fitness when 
the insect is exposed to the toxin reduce fitness in the absence of exposure to that toxin 
(Gassmann et al. 2009). These reductions in fitness can apply to any life-history trait 
and can be classified as recessive (only affecting homozygous resistant individuals 
(RR)) or non-recessive (affecting both RR and RS individuals) (Gassmann et al. 2009). 
Depending on the magnitude and dominance of a given fitness cost, resistance 
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evolution can be delayed or even reversed due to selection against resistance alleles in 
the untreated refuge that accompanies Bt maize (Carrière and Tabashnik 2001, 
Gassmann et al. 2009). Gassmann et al. (2009) found that in most cases, major 
resistance alleles are associated with some level of fitness cost. However, fitness costs 
are not always advantageous for combating resistance evolution as severe 
developmental delays could potentially disrupt random mating between resistant and 
susceptible insects (International Life Sciences Institute 1998). Fitness of resistant 
individuals feeding on Bt toxin can also be reduced in comparison to that of susceptible 
individuals feeding on a diet without Bt. This phenomenon is called incomplete 
resistance and can slow the evolution of resistance by reducing the advantage of 
resistant genotypes (Carrière and Tabashnik 2001). 
The influence of any one factor described here on the evolution of insect 
resistance to Bt maize may depend on interactions with several of the other factors. 
This complexity can lead to contradictory conclusions by different researchers 
examining the same individual factor (Tabashik and Croft 1982).  
 
Resistance Management of Bt Traits Targeting Western Corn Rootworm 
The dose of a particular Bt toxin for a target insect is often referred to in terms of 
high dose or non-high dose.  A high dose has been defined as one that kills virtually all 
SS and SR individuals therefore rendering resistance functionally recessive (Curtis et al. 
1978, Taylor and Georgiou 1979, Tabashnik and Croft 1982, Alstad and Andow 1996). 
This principle is key to the high-dose refuge strategy which is the predominant 
resistance management strategy utilized for Bt maize (Gould 1998, Huang et al. 2011, 
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Tabashnik and Gould 2012). The high-dose refuge strategy seeks to manage resistance 
evolution by delivering a dose sufficient to kill SS and SR individuals leaving only the 
rare RR individuals (Gould 1998, Huang et al. 2011, Tabashnik and Gould 2012). 
Simultaneously, a refuge of non-Bt maize produces an abundance of SS individuals to 
mate randomly with the few RR individuals that survive the Bt exposure (Gould 1998, 
Tabashnik and Gould 2012). The resulting hybrid progeny would be SR and therefore 
susceptible to the high-dose expressed in the plants as well (Gould 1998, Huang et al. 
2011, Tabashnik and Gould 2012).  In the case of the European corn borer (Ostrinia 
nubilalis), this strategy has been attributed with sustaining the utility of Bt maize and 
causing an area wide suppression of the insect (Hutchison et al. 2010).    
Alternatively, at very low doses, there is little discrimination among genotypes so 
practically no selection occurs (Tabashnik and Croft 1982, Roush and McKenzie 1987). 
In the case of current Bt maize varieties targeting WCR, the criteria of high dose is not 
met but the dose is still high enough to likely select for resistance as measured by 
mortality observed for susceptible WCR (EPA 2011, Tabashnik and Gould 2012). The 
current requirement from the US EPA is that products containing single Bt toxins 
targeting WCR be planted with either a 20% block or 10% blended refuge and those 
with two toxins require a 5% block or blended refuge (EPA 2011). Tabashnik and Gould 
(2012) recommended increasing the refuge percentage to 20% for products containing 
2 toxins citing recent data from laboratory and field evolved cases of resistance as well 
as examples of higher refuge proportions showing prolonged product durability. 
However, factors like the location of a refuge year over year and the biology of WCR 
(e.g. dispersal timing/rate, mating behaviors, etc.) should always be considered in 
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determining the effectiveness of a refuge, as they can be just as influential as refuge 
size (Pan et al. 2011).  
 
In Vivo Assays For Assessing Western Corn Rootworm Susceptibility To Bt Traits 
The importance of detection and monitoring of resistance is self-evident: early 
detection provides advanced warning; and subsequent monitoring allows for judging the 
effectiveness of current resistance management tactics (Georghiou 1990). Traditional 
insecticide bioassays used to assess susceptibility involved either immersion of the 
insect in the active ingredient, residue or surface contact to the active ingredient on a 
substrate, or a topical treatment applied to the insect itself (ffrench–Constant and Roush 
1990). These methods are not useful with respect to Bt toxins, as the target insect must 
first ingest them in order to cause mortality (Gill et al. 1992, Schnepf et al. 1998, Ferre 
and Van Rie 2002). In addition, the mode of action for Bt toxins typically requires longer 
exposures than most traditional insecticides (Marçon et al. 2002). Instead, bioassays 
involving ingestion of purified protein incorporated into an artificial diet, protein overlaid 
on the surface of artificial diet, or plant material from a Bt transformed plant are typically 
used to assess insect susceptibility to Bt traits.  
Bioassays with purified protein can further be classified into two groups based on 
the dosages used (Stanley 2014). The discriminating dose approach involves exposing 
all test subjects to a single dose that has been optimized to separate resistant and 
susceptible individuals (Stanley 2014). Advantages of this method are that it is relatively 
cost effective, gives a clear “answer”, and screens more individuals than a dose 
response at the appropriate dose (ffrench–Constant and Roush 1990, Stanley 2014). 
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Disadvantages include giving little indication of the magnitude of the resistance, and an 
appropriate diagnostic dose must first be established for effective application (ffrench–
Constant and Roush 1990, Stanley 2014).  
Alternatively, the dose response method involves exposing a test population to a 
range of increasing concentrations to establish a dose response curve (Stanley 2014). 
This curve is a regression of responses (typically mortality and/or growth inhibition), 
using probit or logit transformation, against the logarithm of the dosage (Stanley 2014). 
Advantages of this method are that it is considered more precise and can be performed 
in the absence of knowing the appropriate discriminating dose for a given toxin and 
insect population (ffrench–Constant and Roush 1990, Stanley 2014). Purified protein 
bioassays while effective for some species and toxins, are not universally suitable for 
measuring susceptibility.  
Susceptibility of WCR can be difficult to assess in these assays due to the lack of 
adequate artificial diet to complete larval development (Pleau et al. 2002, Nowatzki et 
al. 2008). Additionally, WCR show relatively low sensitivity to current Bt toxins in these 
assays which can make it difficult to establish a discriminating dose (Siegfried et al. 
2005, Nowatzki et al. 2008). In the case of WCR, laboratory, plant-based bioassays 
may be most appropriate for assessing susceptibility (Nowatzki et al. 2008, Binning et 
al. 2010).  
Plant-based assays for WCR have the potential to account for the toxicity, 
variability in exposure, and any behavioral interactions that might affect the entire 
exposure scenario (Clark et al. 2006). Ferre and Van Rie (2002) also noted that 
bioassays using exposure to Bt plants are the most instructive with respect to 
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implications of resistance management because they better represent the situation 
insects face in the field. Though arguably more representative of field exposure, plant 
based assays are limited by the fact that the dose is defined by the plant and therefore 
cannot be adjusted to suit the objective of the assay.  
Two similar plant based WCR assays have been described recently in the 
literature. The sub-lethal seedling assay described by Nowatzki et al. (2008) utilizes a 
mat of seedling roots created by germinating approximately 150 kernels of maize in a 
plastic deli container. WCR eggs are then infested and the resulting larvae are allowed 
to feed for a prescribed period of time before being extracted and measured to gauge 
development (Nowatzki et al. 2008). The second assay was described by Gassmann et 
al. (2011) and involves growing maize plants singly in a greenhouse until the V5 growth 
stage at which point the above ground portion of the plants are partially trimmed back to 
allow them to be placed in an incubator. Plants are then infested with neonate WCR 
which are allowed to feed for 17 days before being extracted and counted for 
comparisons of survival (Gassmann et al. 2011). Both assays utilize comparisons 
between WCR exposure to non-Bt and Bt hybrids from a similar genetic background to 
make inferences about the susceptibility of WCR populations to a given Bt trait 
(Nowatzki et al. 2008, Gassmann et al. 2011). These on-plant assays have been used 
to investigate the inheritance of resistance in several laboratory-selected colonies of 
WCR (Meihls et al. 2008, 2012, Petzold-Maxwell et al. 2012). However, experiments 
published to date have not been associated with resistance to 59122.  
My research objectives were to (1) use the sub-lethal seedling assay described 
by Nowatzki et al. (2008) to investigate inheritance of resistance to 59122 in two 
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laboratory selected strains of WCR by making inferences about sex linkage, dominance, 
and number of genes involved, and (2) assess the suitability of 2 separate 
measurements of larval development for use in resistance inheritance research. Results 
of this research can increase our understanding of resistance formation to non-high 
dose Bt maize as well as be utilized to validate assumptions made in modeling the 
evolution of resistance in WCR to 59122.  
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CHAPTER 2. CHARACTERIZATION OF INHERITANCE OF 
RESISTANCE TO MAIZE CONTAINING EVENT DAS-59122-7 IN 
LABORATORY-SELECTED COLONIES OF WESTERN CORN 
ROOTWORM USING THE SUB-LETHAL SEEDLING ASSAY 
 
Stephen D. Thompson1, Analiza P. Alves1, Bonnie Hong2, Matthew W. Wihlm1, Megan 
M. McCallister1, and Aaron J. Gassmann3 
Abstract 
 Transgenic maize hybrids containing event DAS-59122-7 have been genetically 
modified to produce the insecticidal Bacillus thuringiensis (Bt) proteins Cry34Ab1 and 
Cry35Ab1.  This transgenic maize protects against root feeding injury by the western 
corn rootworm, Diabrotica virgifera virgifera (LeConte), and has been cultivated 
commercially since 2005. Widespread use of maize containing this event increases the 
potential for insects to evolve resistance. One method for assessing this potential is to 
investigate the inheritance of resistance with laboratory-selected insect strains.  
Inheritance of resistance to DAS-59122-7 maize was characterized using two 
laboratory-selected strains and a seedling-based bioassay system. Neonates from 
several genotypes were exposed to mats of DAS-59122-7 seedlings as well as mats of 
non-Bt seedlings for a prescribed duration. Larvae were then extracted and  
1 DuPont Pioneer, 7250 NW 62nd Ave., Johnston, IA 50131. 
2 DuPont Pioneer, 2450 SE Oak Tree Ct., Ankeny, IA, 50021. 
3 Department of Entomology, Iowa State University, 18 Insectary, Ames, IA 50011. 
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characterized for susceptibility based on larval development. Development when fed 
DAS-59122-7 maize seedlings was significantly faster for resistant colonies than 
susceptible colonies although slower than development of these colonies on  
non-transgenic maize. Results from reciprocal crosses were indicative of autosomal 
non-recessive inheritance. No fitness cost to the resistance in these strains was 
observed based on larval development on non-transgenic maize. Two independent 
larval development measurements were taken to assess population susceptibility to 
DAS-59122-7: instar and body area. Results indicated that both measures were suitable 
for differentiating susceptibility to DAS-59122-7 maize. 
Keywords: Diabrotica virgifera virgifera, resistance management, sub-lethal 
seedling assay, transgenic maize 
 
Introduction 
 The western corn rootworm (WCR) Diabrotica virgifera virgifera LeConte 
(Coleoptera: Chrysomelidae) is one of the most destructive and economically important 
pests of maize (Zea mays L.) in North America and has also been introduced to parts of 
Europe (Levine and Oloumi-Sadeghi 1991, Gray et al. 2009).  The annual damage 
caused by this pest worldwide is estimated to be in excess of $1 billion (Gray et al. 
2009). Traditional methods of management for this pest included crop rotation to a non-
host crop and applications of chemical insecticide to either to the soil or maize foliage 
depending on life stage targeted (Levine and Oloumi-Sadeghi 1991).  Incidences of 
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resistance evolution in WCR populations to many of these traditional practices are well 
documented (Meinke et al. 1998, Wright et al. 2000, Levine 2002).   
In early 2000s a new management tool was introduced to the market in the form 
of transgenic maize events expressing insecticidal proteins derived from Bacillus 
thuringiensis (Bt) (Moellenbeck et al.2001, Vaughn et al. 2005, EPA 2011). Transgenic 
hybrids offered many advantages to growers, including but not limited to increased root 
protection over the growing season, reduction in human exposure to chemical 
insecticides, and a narrower spectrum of activity than found with conventional 
insecticides (Rice 2004, Vaughn et al. 2005). In 2005, the U.S. Environmental 
Protection Agency (EPA) approved commercial cultivation of transgenic maize hybrids 
containing event DAS-59122-7 (hereafter referred to as 59122) that have been 
genetically modified to express the insecticidal Bt proteins Cry34Ab1 and Cry35Ab1 
(hereafter referred to as Cry34/35Ab1) (EPA 2011). Together these two proteins act as 
a binary crystal protein with insecticidal activity against corn rootworm species 
(Moellenbeck et al. 2001, Ellis et al. 2002). The advantages associated with Bt maize 
have driven widespread adoption of this technology, accounting for 76% of U.S. maize 
acres planted in 2013 (USDA ERS 2013 report).  
The development of insect resistance to Bt transgenic maize represents the 
largest threat to the continued utility of this technology (Tabashnik et al. 2013). 
Resistance management strategies are widely believed to play a key role in delaying 
resistance evolution and thus are mandated by the US EPA to all registrants (Huang et 
al. 2011, Tabashnik et al. 2013). Insect resistance to Bt maize in the U.S. and Canada 
is largely managed using the “high dose/refuge” strategy (Gould 1998, Huang et al. 
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2011). This strategy relies on refuge areas of non-bt maize to produce an abundance of 
homozygous susceptible individuals that can mate with any rare homozygous resistant 
individual that may emerge from Bt fields, creating heterozygote progeny (Gould 1998). 
The high-dose status assumes that the majority (≥95%) of these heterozygotes would 
be killed by the insecticidal protein in Bt maize limiting the increase of resistant alleles in 
the insect population (Gould 1998, Huang et al. 2011). There are several genetic factors 
that influence this strategy, including the fitness of resistant individuals in the presence 
or absence of selection, dominance of inheritance, and number of genes involved 
(Gould 1998, Carrière and Tabashnik 2001, Gassmann et al. 2009, Carrière et al. 
2010). A thorough understanding of these factors is especially critical when a transgenic 
event does not meet the definition of “high dose”, as is the case with several current Bt 
maize events targeting WCR (EPA 2011, Tabashnik and Gould 2012).  
One valuable tool for assessing the risk of resistance is laboratory-selected 
insect colonies that can be used to investigate the inheritance of resistance to a Bt toxin 
prior to the discovery of field-evolved resistance (Ferre and Van Rie 2002, Tabashnik et 
al. 2003). There are several recent examples where WCR colonies were selected for 
resistance to Bt in the lab or greenhouse (Lefko et al. 2008, Meihls et al. 2008, 2011, 
2012, Oswald et al. 2011, Frank et al. 2013). Additionally, WCR field evolved resistance 
to Cry3Bb1 and mCry3A maize were recently described by Gassmann et al. (2011, 
2014).  
The ability to characterize inheritance of resistance to Bt in a specific target 
insect species is reliant on assays capable of effectively comparing susceptibility 
between insect populations. Assays that are commonly used to assess insect 
30 
 
resistance include diet bioassays with purified protein and insect development up to 
adult emergence upon exposure to purified protein or plant tissue containing transgenic 
events (Storer et al. 2006, Binning et al. 2010). However, it is known that WCR diet 
bioassays with purified Bt proteins have limitations especially due to contamination, diet 
suitability, and protein toxicity (Pleau et al. 2002, Siegfried et al. 2005). Ferre and Van 
Rie (2002) also noted that bioassays using exposure to Bt plants are the most 
instructive with respect to implications of resistance management because they better 
represent the situation insects face in the field.  
Nowatzki et al. (2008) demonstrated that a WCR strain selected for Cry34/35Ab1 
resistance using event 59122 could not be differentiated from its susceptible counterpart 
in artificial diet bioassays with Cry34/35Ab1 purified protein. These strains did however 
differentiate based on feeding injury to 59122 roots and larval development in seedling 
bioassays (Nowatzki et al. 2008). It has been observed that event 59122 does not 
cause direct mortality to WCR when larvae are exposed to seedling mats for up to 17 
days (Nowatzki et al. 2008, Binning et al. 2010). Furthermore, estimates of susceptibility 
based on adult survival may be inflated by supplemental mortality factors independent 
of direct toxicity of 59122 (Binning et al. 2010). Therefore, plant-based assays that 
measure sub-lethal effects of the Bt trait may be most informative for this event.  
The sub-lethal seedling assay (SSA) technique involves exposing neonate WCR 
to either maize seedlings containing the transgenic event of interest or non-transgenic 
control maize seedlings (Nowatzki et al. 2008).  Larvae are exposed for a prescribed 
period of time to maximize the potential for sub-lethal effects on the transgenic event 
while preventing the loss of larvae to pupation in the control treatments (Nowatzki et al. 
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2008). Larval recovery/survival is measured and can be used to validate test conditions 
or duration but is not informative with respect to a population’s susceptibility to 59122 
(Nowatzki et al. 2008). 
 In this study we utilized the SSA technique described by Nowatzki et al. (2008) to 
characterize the inheritance of resistance to 59122 in two laboratory-selected colonies 
of WCR with resistance to 59122 and in the susceptible counterpart of each colony. We 
discuss two separate measurements of WCR larval development as a means to assess 
population susceptibility, instar and body area, the inheritance of resistance to 59122, 
and the implications for insect resistance management.   
 
Materials and Methods 
Insect strains. Lefko et al. (2008) described the methods used to develop the 
parental strains of non-diapuasing WCR used in this study. These four strains were (1) 
York unselected (susceptible), (2) York selected (resistant), (3) Rochelle unselected 
(susceptible), and (4) Rochelle selected (resistant) hereafter referred to as YK-s, YK-r, 
RH-s, and RH-r, respectively.  
Insect rearing. All strains were reared on seedling mats in walk-in growth 
chambers set at ~25˚C, ~65% relative humidity, and a 14:10 L:D lighting cycle using the 
methods described in Lefko et al. (2008). Continuous laboratory rearing took place for 
approximately 50 generations prior to the initiation of these experiments with the 
resistant strains being reared exclusively on 59122 maize seedlings for 25 of those 
generations.    
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Crosses for inheritance assessment. To evaluate sex linkage and dominance, 
F1 progeny from reciprocal mass crosses between resistant and susceptible strains 
were tested.  In an attempt to make inferences about the number of loci influencing 
resistance, F1 progeny from reciprocal crosses were backcrossed to the susceptible 
strains and resistant strains and tested for susceptibility. To establish the crosses, 
adults were collected < 8 h after emergence to ensure that females were virgin (Ball 
1957, Guss 1976). Adults were then sexed by examining the terminal abdominal 
segment following Krysan (1986) and placed in 30 x 30 x 30 cm cages (Bug Dorm 1, 
MegaView Science Co., Taichung, Taiwan) specific to each cross in a 1:1 ratio of males 
and females until a total of 500 adults was achieved per cage. Maintenance of cages 
and egg collection was conducted following methods described by Lefko et al. (2008). 
Three distinct sets of crosses were performed. Adult cages were created and 
maintained similarly in all sets. 
Cross 1 (sex linkage and dominance): The first set of crosses involved F1 
outcrosses between the 4 parental strains (YK-s, YK-r, RH-s, and RH-r), resulting in 
eight total inter-strain crosses (Table 1). Outcrosses were performed similar to methods 
described by Gassmann et al. (2008) to lessen the effect of potential heterosis that 
could confound assay results (Gassmann et al. 2009, Falconer 1989).  
Cross 2 (sex linkage and dominance): The second set of crosses included F1 
reciprocal crosses between the RH-s and RH-r strains (Table 1). These crosses were 
performed as a complement to the first set (cross 1) and to assess inheritance without 
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the added effect of outcrossing. The Rochelle strain was chosen because contamination 
from a resistant strain had been identified in the YK-s strain.   
Cross 3 (number of loci): The third set of crosses was established by using the 
progeny resulting from cross 1. Backcrosses traditionally involve crossing the F1 
heterozygotes with the parental strain that is less similar phenotypically (Roush and 
Daly 1990). Because phenotypes of the F1 outcrosses varied based on which strain 
provided the resistant alleles (Fig. 2B), backcrosses were made between F1 
heterozygotes and both the susceptible and resistant parental outcrosses (Table 1). 
Sub-lethal seedling assay. The sub-lethal seedling assay (SSA) was employed 
to measure the susceptibility of all crosses and parental strains in all inheritance 
experiments. All assays were conducted by exposing neonates from each parental 
strain and cross to seedling mats that consisted of Pioneer® brand maize hybrids 
containing either event 59122 (35F44)(Bt maize) or its near isoline hybrid (35F38)(non-
Bt maize). Seed lots were characterized using qualitative ELISA to confirm that off type 
seed rates were consistent with the standards for commercial seed sources.      
In Cross 1 and Cross 3, seedling assays were conducted by placing 150 kernels 
coated with the fungicides fludioxonil and mefenoxam (0.018 mg a.i. per kernel) 
(Maxim® XL, Syngenta Crop Protection, Inc., Greensboro, NC) in the bottom of the 24 x 
24 x 9.8 cm plastic assay container (ClearView™ Sell Out®, Pactiv LLC, Lake Forest, 
IL). Next, 200ml of a 1% thiophanate-methyl fungicide solution (41.25% a.i.) (3336™F 
Turf and Ornamental Systemic Fungicide, Cleary Chemical, Dayton, NJ) was dispensed 
into the container. Seeds were then spread as needed to ensure that none were 
concentrated in one area of the container, and contents of the container were then 
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covered with 700ml of potting soil (Sunshine MVP, Sun Gro Horticulture, AB, Canada) 
spread evenly over the container. Immediately after adding potting soil, WCR eggs were 
dispensed onto the soil surface in a 0.8% agar solution at the rate of approximately 
1000 eggs per container. Eggs were pre-incubated at 25˚C for ca. 10 days so that eggs 
would hatch 2-5 days after being placed in bioassay containers. Lids were placed on 
bioassay containers, which were then placed in an environmental chamber (25˚C, 65% 
RH, 14:10 h L:D). Sub-samples of eggs were plated onto solidified agar in Petri dishes 
(diameter = 10 cm, Falcon®, BD Biosciences, San Jose, CA) and held in the same 
conditions to assess hatch. Exposure duration was tracked once initial hatch was 
recorded.  Approximately 1 wk after assays were initiated, five evenly spaced holes 
(diameter = 1 cm) were made in the lid of each container to facilitate ventilation. Larvae 
were allowed to feed and develop for 17 d at 25˚C. On day 17, the content of each 
container was transferred to a Berlese funnel for 3 d to extract larvae, which were 
collected into cups containing a 70% ethanol.  
 In Cross 2, methods were as described previously, except that seedling 
containers received ca. 500 eggs, and exposure duration was reduced to 11 days at 
25˚C. These adjustments were made based on results of separate research indicating 
that a reduction in duration and infest rate resulted in increased recovery of larvae and 
separation of treatments (appendix).  
For each set of crosses, the experiment was conducted in a randomized 
complete block design.  The unit of replication in these experiments was one plastic 
seedling container.  Treatments were defined as a combination of seed type and insect 
type.  Each block contained one replication for each treatment.  Blocking was set up to 
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minimize potential variability with environmental chambers and insect cohorts (sets of 
eggs laid by a cage of adults and incubated at the same time). Eggs from the same 
cohort were used for each parental strain or cross within blocks.  Blocks were always 
placed on separate shelves within the environmental chamber, and often separated in 
time resulting in the use of separate cohorts. There were a total of eight blocks in ‘Cross 
1’, 12 blocks in ‘Cross 2’, and four blocks in ‘Cross 3’. 
Sample processing. Larvae recovered from Berlese funnels were processed by 
first pouring the content of each collection cup into a plastic tray and manually 
separating larvae from any debris. Larvae were then transferred to a Petri dish 
(diameter = 15 cm, Falcon®, BD Biosciences, San Jose, CA) with enough 70% ethanol 
to completely submerge all larvae. The petri dish was then placed on a flatbed scanner 
(Perfection V500 Photo, Epson America, Long Beach, CA) and larvae were manually 
arranged to ensure that they were not touching or overlapping each other so that each 
individual could be imaged. A two-dimensional image of all larvae in each sample was 
then generated. Samples with large numbers of insects were often split into multiple 
plates and therefore multiple images. Larval images were then processed using image 
analysis software (Image Pro Plus 7.0, MediaCybernetics, Inc., Bethesda, MD) to 
measure the total body area of each larvae in mm2. Larvae were then transferred to a 
plastic pan (45 x 30 x 6.4 cm L x W x H) and uniformly spread across a numbered grid 
on the bottom of the pan. A sub-sample of approximately 30 larvae per sample was 
obtained by collecting all larvae in a randomly selected grid square until the desired total 
was reached. Sub-sampled larvae were then categorized into one of three instars by 
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measuring their head capsule width at its widest point under a dissecting microscope.  
Instar determination was based on data published by Hammack et al. (2003). 
Data analysis. Sub-lethal effects of 59122 on WCR larvae were analyzed on 
instar and body area measurements using SAS software, Version 9.3 (SAS Institute Inc. 
2011). All statistical tests were conducted at the significance level of 0.05. 
 Instar data. Each larva was categorized into one of three instars (Hammack et al. 
2003), and the proportion of third-instar larvae in each bioassay container calculated.  
Proportion of third-instar larvae was analyzed by fitting a generalized linear mixed 
model, assuming binomial distribution based on a logit link function (PROC GLIMMIX).  
Data were analyzed separately for each of the three experiments. Insect type, seed 
type, and the interaction of insect type x seed type were modeled as fixed effects and 
block was modeled as random effect.   
 Body area. For the body area data, the statistical analyses were conducted by 
fitting a linear mixed model assuming a normal distribution (PROC GLIMMIX). Data 
were analyzed separately for each of the three experiments.  Insect type, seed type, 
and the interaction of insect type x seed type were modeled as fixed effects and block 
was modeled as random effect.   
 Sex linkage. The presence of sex linkage in Cross 1 and Cross 2 were tested by 
calculating the ratio for proportion of third-instar larvae between reciprocal cross 
treatments and then testing this value against 1 with a t-test (Table 2).  Also, differences 
in mean body area between reciprocal crosses treatments was estimated and 
compared to 0 (t-test) (Table 3). Because the statistical tests of sex linkage were not 
significant using instar and body area measurements, reciprocal crosses were pooled, 
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and proportion of third-instars as well as mean body area were estimated for each 
treatment and compared between treatments.   
Dominance. Effective dominance (h) was calculated for larval development using 
both proportion of third-instar and mean body area on Bt maize (h = [F1 – susceptible] / 
[resistant – susceptible]), following Tabashnik et al. (2004). Values of h range from 0 
(completely recessive resistance) to 1 (completely dominant resistance), with a value of 
0.5 indicating codominance (inheritance is additive).  
Number of loci. Number of loci influencing resistance was investigated by 
comparing frequency distributions of body area when fed Bt maize for the susceptible 
(SS), resistant (RR), and heterozygote outcrosses.  This was done for Cross 1 and 
Cross 3, which also included backcrosses.  All crosses were pooled by genotypic 
category (see “Description” column in Table 1) using methods described by Gould et al. 
(1995) and Tabashnik et al. (2002). Assuming the frequency distribution for F1 
heterozygotes can be distinguished discretely from those of the parental strains, 
frequency distributions for backcrosses should be bi-modal with roughly 50% of 
individuals resembling the parental distribution and 50% resembling the F1 
heterozygote distribution, when inheritance is conferred by a single locus (Gould et al. 
1995, Tabashnik et al. 2002). 
 
Results 
Parental strains. Cross 1. Parental strains developed similarly on non-Bt maize 
with values ranging from 0.93-0.97 and 5.98-6.48mm2 for mean proportion of third-instar  
and mean body area, respectively (Figs. 1A and B).  A significant reduction in larval 
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development was observed in both proportion third-instar and body area measurements 
for all parental strains when fed on Bt maize compared to non-Bt maize (Figs. 1 A and 
B). The reduction was significantly greater for susceptible strains compared to their 
respective resistant strains (Figs. 1A and 1B).  
Inheritance of resistance. Cross 1. Outcrosses developed similarly on Non-Bt 
maize with values ranging from 0.95-0.99 and 6.24-7.25mm2 for mean proportion of 
third-instar and mean body area, respectively (Figs. 2 A and B).  Means for the RH-s x 
YK-s outcross were significantly lower on non-Bt maize than other outcrosses. Mean 
proportion of third-instar on Bt maize was significantly lower for susceptible than 
resistant outcrosses (Fig. 2A). Heterozygote outcross means for proportion of third-
instar on Bt maize were intermediate between mean values for resistant and susceptible 
outcross strains (Fig. 2A). The estimated effective dominance (h) based on proportion of 
third-instar were 0.53 and 0.86 for the RH-s x YK-r and RH-r x YK-s heterozygote 
crosses, respectively (Table 4). Relationships between resistant and susceptible 
outcrossed strains on Bt maize based on mean body area were identical to those 
previously discussed for mean proportion of third-instar (Fig. 2B).  There was no 
significant difference in mean body area between heterozygote outcrosses containing 
the RH-r strain and the resistant outcross strain while heterozygotes outcrosses 
containing the YK-r strain were not significantly different from susceptible outcross 
strains (Fig. 2B). The h values for mean body area were 0.28 and 0.83 for RH-s x YK-r 
and RH-r x YK-s heterozygote crosses, respectively (Table 4). 
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Cross 2. Mean proportion of third-instar for heterozygotes on non-Bt maize was 
not significantly higher than both parental strains (Fig. 2C).  Area means were 
significantly higher than both parental strains, which could be an indication of heterosis 
although the numerical difference (0.5 mm2) between means was relatively small (Fig. 
2D).  Mean proportion of third-instar was significantly lower for susceptible than 
resistant strains on Bt maize (Fig. 2C). The combined heterozygote mean proportion of 
third-instar larvae on Bt maize was intermediate between and significantly different than 
values for resistant and susceptible strains (Fig. 2C). Relationships between Rochelle 
F1 cross strains on Bt maize based on mean body area were identical to those 
previously discussed for mean proportion of third-instar (Fig. 2D). The h values for the 
RH-s x RH-r heterozygote cross were 0.52 and 0.51 for proportion of third-instar larvae 
and body area, respectively (Table 4). 
Cross 3. The frequency distribution for body area of the susceptible outcross (SS 
x SS) was skewed towards smaller larvae when compared to that of the resistant 
outcross (RR x RR) (Fig. 3). The distribution for F1 heterozygotes was intermediate 
between SS x SS and RR x RR strains but overlapped considerably with both, 
diminishing the ability to characterize this distribution discretely from either parental 
outcross (Fig. 3). Area frequency distributions for the backcrosses performed were 
intermediate between that of the F1 heterozygote and their associated parental outcross 
and no bi-modal properties were apparent (Fig. 3).  
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Discussion 
 An effective assessment of resistance risk and formulation of subsequent 
management practices are key to protecting the durability of Bt traits and the benefits 
they provide to growers. Field evolved Bt resistance in WCR has been described for two 
separate toxins (Gassmann et al. 2011, Gassmann 2012, Gassmann et al. 2012, 
Gassmann et al. 2014). Additionally, there are several examples of greenhouse and 
laboratory selected resistance in WCR (Lefko et al. 2008, Meihls et al. 2008, 2011, 
Oswald et al. 2011). Resistance evolution is a complex process involving interactions of 
many factors including but not limited to sex linkage, dominance of inheritance, number 
of genes, and fitness of resistant individuals (Gould 1998, Carrière and Tabashnik 2001, 
Gassmann et al. 2009, Carrière et al. 2010). Characterization of resistance in laboratory 
colonies to Bt may provide valuable data that can be used to refine resistance 
management practices (Ferre and Van Rie 2002, Tabashnik et al. 2003, Lefko et al. 
2008, Gassmann et al. 2009). Resistance in the two laboratory colonies tested appears 
to be non-recessive, but not sex-linked, and was either oligogenic or polygenic. No 
fitness cost to the resistance in these strains was observed based on larval 
development on non-transgenic maize.  
Inheritance of resistance that is non-recessive in nature could threaten the 
durability of a Bt trait with resistance evolving more quickly (Gould 1998, Onstad and 
Meinke 2010). Values of h calculated in ‘Cross 1’ for larval development of heterozygote 
outcrosses ranged from 0.53-0.86 and 0.28-0.83 based on mean proportion of third-
instar and mean body area, respectively. Higher values observed were associated with 
resistance being contributed by the RH-r strain. The resistance in the Rochelle strain 
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could be conferred by a different gene with higher dominance. Additionally, the 
resistance in these strains could be conferred by multiple genes each contributing small 
increases in tolerance as described in Chaufaux et al. (2001) and discussed by Lefko et 
al. (2008) in relation to these colonies. Carrière et al. (2010) noted that under selection 
regimes with less than high dose, polygenic resistance is more likely to evolve via 
mutations conferring small or moderate decreases in susceptibility. Complex inheritance 
could explain differences observed between the two resistant strains as they have been 
selected concurrently but separately and their relative genetic similarity is unknown.  
 Values of h calculated for heterozygotes in ‘Cross 2’ (Rochelle F1) in both 
measurements ranged from 0.51-0.52. Outcrossed estimates of (h) were wider in range 
comparatively which is likely associated with the apparent differences in dominance 
between strains discussed previously. Dominance values for the Rochelle colony in the 
F1 cross experiment were lower than those previously observed from outcrosses 
containing the RH-r strain. This could be partially attributed to the shorter duration of 
exposure and decreased infest rate for the Rochelle F1 assays. Shorter duration and 
decreased infest rate can results in larger separations between treatments for both 
developmental measures, which could have affected dominance calculations 
(appendix).  
Non-recessive dominance values calculated in this study and similar studies for 
other WCR traits could be expected given the non-high dose nature of the Bt maize 
being evaluated (Tabashnik et al. 2004, Tabashnik and Gould 2012). Exposure in the 
SSA is on the actual root tissue as opposed to a dosage applied to an artificial diet, 
although exact dosage and spatial patterns of toxin expression in the SSA may not 
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exactly mimic plants growing in the field. Dominance in this study was based on larval 
development in a laboratory setting. A disparity exists between larval survival in the 
laboratory and adult survival in the laboratory or field on 59122 maize with larval 
survival far exceeding that of adults (Binning et al. 2010). An individual must survive to 
adulthood in order to mate and carry on their genetics. Therefore, calculations of 
effective dominance based on adult mortality of heterozygote individuals on 59122 
maize could result in different and potentially more recessive estimates that are more 
applicable to the field.  
These results are largely in agreement with previous findings from WCR colonies 
selected for resistance against Cry3Bb1in the laboratory and greenhouse. Meihls et al. 
(2008) documented resistance development to Cry3Bb1 for colonies created using 
several different selection regimes and found that resistance inheritance was non-
recessive based on larval and adult survival. Petzold-Maxwell et al. (2012) performed 
crosses with colonies originally selected for resistance by Oswald et al. (2011) and 
determined that resistance inheritance was non-recessive. Additionally, Petzold-
Maxwell et al. (2012) found evidence for sex linkage based on larval survival, although 
data based on larval development was to the contrary. Selection studies for Cry3Bb1 
described in Meihls et al. (2012) were in agreement with previous studies finding 
resistance inherited in a non-recessive manner. Studies to date in the literature 
investigating inheritance of resistance to Bt maize in WCR are predominantly 
associated with Cry3Bb1. This study is the first to investigate inheritance of resistance 
to Cry34/35Ab1 (event 59122). Information on inheritance of resistance to other 
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commercially available Bt maize varieties (i.e. mCry3A and eCry3Ab) is not yet 
available.  
 The possibility of polygenic resistance inheritance in the colonies used in these 
experiments was discussed previously by Lefko et al. (2008). Overlapping distributions 
of body area between genotypes limited the potential inferences that could be made 
about number of genes with the method employed. Roush and Daly (1990) stated that 
even with the dose response curves, backcrossing data can often be ambiguous or 
difficult to interpret because of many factors, including significant overlap between 
responses and lack of an appropriate discriminating dose. Both limitations may be 
applicable in the current experiment. However, no indications of single gene inheritance 
were observed.  
When present, fitness costs may serve to delay resistance evolution by creating 
a disadvantage for individuals in the population that carry resistance alleles in the 
absence of Bt maize (Carrière and Tabashnik 2001, Gassmann et al. 2009, Carrière et 
al. 2010). Fitness as measured by larval development on non-Bt maize was similar 
among resistant and susceptible parental strains in this study.  In similar studies with 
colonies selected against Cry3Bb1, Meihls et al. (2008) Oswald et al. (2012) found no 
evidence of fitness costs associated with resistance selected in a variety of regimes. 
However, Meihls et al. (2012) did observe lower fecundity in resistant females 
suggesting a fitness cost to resistance to Cry3Bb1. Inferences about the lack of fitness 
costs observed in WCR laboratory resistant colonies in this study are very limited as 
only two fitness measures were analyzed and they both describe larval development.  
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Although the SSA exposure method is likely more ecologically relevant than 
artificial diet assays, one must use caution when drawing inferences to the field. 
Ecological and environmental factors such as extreme weather, natural enemies, and 
diseases that likely influence the mortality and fitness of insects in the field are notably 
lacking in laboratory assays and thus fitness costs in general could be underestimated 
(Gassmann et al. 2009). A more comprehensive study of fitness costs for WCR 
resistance to 59122 would certainly be necessary before drawing an overall conclusion 
on the subject. It is important to note however, that a lack of fitness costs associated 
with resistance to 59122 would not change but rather validate conservative assumptions 
made in many current WCR resistance models (Storer 2003, Onstad 2006, Pan et al. 
2011). 
 Development of both resistant strains when exposed to Bt maize was delayed 
when compared to development on non-Bt maize. It is possible that the resistance in 
these strains is incomplete, as described by Carrière and Tabashnik (2001). Incomplete 
resistance has the potential to delay resistance evolution by reducing the selective 
advantage of resistance (Carrière and Tabashnik 2001, Huang et al. 2011, Pan et al. 
2011). Resistance also may not be fixed in these populations. The non-high dose nature 
of 59122 coupled with variable expression pattern of Cry34/35Ab1 in root tissues could 
give opportunity for susceptible individuals to survive selections (Siegfried et al. 2005, 
Lefko et al. 2008, Hibbard et al. 2010). This is of particular importance for these strains 
because unlike selections with purified proteins, dose in the seedling based selection 
system is essentially fixed at the level of protein expressed in 59122 maize roots. If the 
dose is not sufficient to discriminate between heterozygotes and homozygote resistant 
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individuals, the progression of selections may be halted at a given point (Roush and 
Daly 1990, Carrière et al. 2010).  
Both proportion of third-instars and body area gave similar results in all 
comparisons which is not surprising as third-instars are generally larger than first or 
second. Analyses are different for each method with instar being a categorical value 
and body area being continuous. Though no distinct advantages to either method were 
found when applied to the current data set, it would be presumptuous to assume that 
this comparison was exhaustive.  One distinguishing characteristic of the body area 
measurement is the ability to measure all insects in the sample as opposed to 
categorizing instar on a relatively smaller sub-sample. However, it is reasonable to 
conclude from the agreement between the two data sets in this study, that the random 
sampling done for instar determination did not bias the results. 
In this study, we showed evidence of autosomal, non-recessive inheritance for 
WCR resistance to 59122 and no indication of a fitness cost associated with this 
resistance based on larval development. However, data suggests that the inheritance is 
either not fixed in the resistant population, or may be incomplete because development 
was delayed on 59122 compared to non-Bt maize for the resistant strains. We did not 
find evidence for monogenic resistance but rather resistance appeared to be oligogenic 
or polygenic.  Studies investigating the genetics and fitness of insect resistance in 
laboratory-selected colonies provide valuable information in the absence of field-
evolved resistant populations. For example, assumptions used in computer models of 
resistance evolution can be refined with empirical data from laboratory-selected 
46 
 
colonies (Tabashnik et al. 2008). Event 59122 has been commercially available since 
2005 in the U.S. and is currently sold singly or as a pyramid targeting WCR by multiple 
seed providers. The increased prevalence of this trait has the potential to impose even 
greater pressure for selection of resistance. The research described here can be used 
to improve our understanding of resistance evolution in WCR to 59122, but more 
research is needed to effectively characterize the impending risks posed to this 
technology.       
 
Acknowledgments 
Kim Severson, Erick Hernandez, James Pietzman, and Angel Ortiz assisted with 
this work. Research was funded by and performed at DuPont Pioneer.  
 
Literature Cited 
 
Ball, H. J. 1957. On the biology and egg-laying habits of the western corn rootworm. 
J. Econ. Entomol. 50: 126-128. 
 
Binning, R. R., S. A. Lefko, A. Y. Milsap, S. D. Thompson, T. M. Nowatzki. 2010. 
Estimating western corn rootworm (Coleoptera: Chrysomelidae) larval 
susceptibility to event DAS-59122-7 maize. J. Appl. Entomol. 134: 551-561. 
 
Bourguet, D., A. Genissel, and M. Raymond. 2000. Insecticide resistance and 
dominance levels. J. Econ. Entomol. 93: 1588-1595. 
 
Carrière, Y., and B. Tabashnik. 2001. Reversing insect adaptation to transgenic 
insecticidal plants. Pro. Roy. Soc. Lon. B Biol. Sci. 268: 1475-1480. 
 
Carrière, Y., D. W. Crowder, B. E. Tabashnik. 2010. Evolutionary ecology of insect 
adaptation to Bt crops. Evol. Appl. 3: 561-573. 
 
47 
 
Chaufaux, J., M. Seguin, J. J. Swanson, D. Bourguet, and B. D. Siegfried. 2001. 
Chronic exposure of the european corn borer (Lepidoptera: Crambidae) to 
Cry1Ab Bacillus thuringiensis Toxin. J. Econ. Entomol. 94: 1564-1570.  
 
Economic Research Service. 2013. Adoption of genetically engineered crops in 
the U.S. http://www.ers.usda.gov/data-products/adoption-of-genetically-
engineered-crops-in-the-us/recent-trends-in-ge-adoption.aspx. 
 
Ellis, R. T., B. A. Stockhoff, L. Stamp, H. E. Schnepf, G. E. Schwab, M. Knuth, J. 
Russell, G. A. Cardineau, and K. E. Narva. 2002. Novel Bacillus thuringiensis 
binary insecticidal crystal proteins active on western corn rootworm, Diabrotica 
virgifera Le Conte. Appl. Environ. Micro. 68: 1137-1145. 
 
EPA. 2011. Current and previously registered section 3 PIP registration. 
http://www.epa.gov/pesticides/biopesticides/pips/pip_list.htm. 
 
Falconer, D. S., 1989. Introduction to quantitative genetics, 3rd ed. Longman Scientific 
& Technical, Essex, England. 
 
Ferré, J. and J. Van Rie 2002. Biochemistry and genetics of insect resistance to 
Bacillus thuringiensis. Annu. Rev. Entomol. 47: 501-533. 
 
Frank, D. L., A. Zuckoff, J. Barry, M. L. Higdon, and B. E. Hibbard. 2013. 
Development of resistance to eCry3.1Ab-expressing transgenic maize in a 
laboratory-selected population of western corn rootworm (Coleoptera: 
Chrysomelidae). J. Econ. Entomol. 106: 2506-2513. 
 
Gassmann, A. J., S. P. Stock, M. S. Sisterson, Y. Carriére, and B. E. Tabashnik. 
2008. Synergism between entomopathogenic nematodes and Bacillus 
thuringiensis crops: integrating biological control and resistance management. J. 
Appl. Ecol. 45: 957-966. 
  
Gassmann, A. J., Y. Carriére, and B. E. Tabashnik. 2009. Fitness costs of insect 
resistance to Bacillus thuringiensis. Annu. Rev. Entomol. 54: 147-163. 
 
Gassmann, A. J., J. L. Petzold-Maxwell, R. S. Keweshan, and M. W. Dunbar. 
2011. Field-evolved resistance to Bt maize by western corn rootworm. PLoS 
ONE 6: e22629. 
 
Gassmann, A. J. 2012. Field-evolved resistance to Bt maize by western corn rootworm: 
Predictions from the laboratory and effects in the field. J. Invertebr. Pathol. 110: 
287-293. 
 
Gassmann, A. J., J. L. Petzold-Maxwell, R. S. Keweshan, and M. W. Dunbar. 
2012. Western corn rootworm and Bt maize challenges of pest resistance in 
48 
 
the field. GM Crops and Food 3:3, 235-244. 
  
Gassmann, A. J., J. L. Petzold-Maxwell, E. H. Clifton, M. W. Dunbar., A. M. 
Hoffmann, D. A. Ingber, and R. S. Keweshan. 2014. Field-evolved resistance 
by western corn rootworm to multiple Bacillus thuringiensis toxins in transgenic 
maize. Proc. Natl. Acad. Sci. USA. 111: 5141-5146.  
 
Gould, F., A. Anderson, A. Reynolds, L. Bumgarner, and W. Moar. 1995. Selection 
and genetic analysis of a Heliothis virescens (Lepidoptera: Noctuidae) strain with 
high levels of resistance to Bacillus thuringiensis toxins. J. Econ. Entomol. 88: 
1545-1559.  
 
Gould, F. 1998. Sustainability of transgenic insecticidal cultivars: integrating pest 
genetics and ecology. Annu. Rev. Entomol. 43: 701. 
  
Gray, M. E., T. W. Sappington, N. J. Miller, J. Moeser, and M. O. Bohn. 2009. 
Adaptation and invasiveness of western corn rootworm: intensifying research 
on a worsening pest. Annu. Rev. Entomol. 54: 303-321. 
 
Guss, P. L. 1976. The sex pheromone of the western corn rootworm (Diabrotica 
virgifera). Environ. Entomol. 5: 219-223. 
 
Hammack, L., M. M. Ellsbury, R. L. Roehrdanz, and J. L. Pikul Jr. 2003. Larval 
sampling and instar determination in field populations of northern and western 
corn rootworm (Coleoptera: Chrysomelidae). J. Econ. Entomol. 96: 1153-1159.  
 
Hibbard, B. E., T. L. Clark, M. R. Ellersieck, L. N. Meihls, A. A. El Khishen, V. 
Kaster, H. Y. Steiner, and R. Kurtz. 2010. Mortality of western corn rootworm 
larvae on MIR604 transgenic maize roots: field survivorship has no significant 
impact on survivorship of F1 progeny on MIR604. J. Econ. Entomol. 103: 2187-
2196.  
 
Huang, F., D. A. Andow, and L. L. Buschmann.  2011. Success of the high-
dose/refuge resistance management strategy after 15 years of Bt crop use in 
North America. Entomol. Exp. Appl. 140: 1-16. 
 
Krysan , J. L. 1986. Introduction: biology distribution, and identification of pest 
Diabrotica. p. 1-23. In Krysan J. L. and T. A. Miller (eds.), Methods for the study 
of pest Diabrotica. Springer-Verlag, New York.  
 
Lefko, S. A., T. M. Nowatzki, S. D. Thompson, R. R. Binning, M. A. Pascual, M. L. 
Peters. E. J. Simbro, and B. H. Stanley. 2008. Characterizing laboratory 
colonies of western corn rootworm (Coleoptera: Chrysomelidae) selected for 
survival on maize containing event DAS-59122-7. J. Appl. Entomol. 132: 189-
204. 
49 
 
 
Levine, E., and H. Oloumi-Sadeghi. 1991. Management of Diabroticite rootworms 
in corn. Annu. Rev. Entomol. 36: 229-255. 
 
Levine, E. 2002. Adaptation of the western corn rootworm to crop rotation: evolution of 
a new strain in response to a management practice. Am. Entomol. 48: 94-107. 
 
Liu, Y. B., and B. E. Tabashnik. 1997. Inheritance of resistance to the Bacillus 
thuringiensis toxin Cry1C in the diamondback moth. Appl. Environ. Microbiol. 63: 
2218-2223.  
 
Meihls, L. N., M. L. Higdon, B. D. Siegfried, N. J. Miller, T. W. Sappington, M. R. 
Ellersieck, T. A. Spencer, and B. E. Hibbard. 2008. Increased survival of 
western corn rootworm on transgenic corn within three generations of onplant 
greenhouse selection. Proc. Natl. Acad. Sci. U. S. A. 105: 19177-19182. 
 
Meihls, L. N., M. L. Higdon, M. Ellersieck, and B. E. Hibbard. 2011. Selection for 
resistance to mCry3A-expressing transgenic corn in western corn rootworm. J. 
Econ. Entomol. 104: 145-1054. 
  
Meihls, L. N., M. L. Higdon, M. Ellersieck, B. E. Tabashnik, and B. E. Hibbard. 
2012. Greenhouse-selected resistance to Cry3Bb1-producing corn in three 
western corn rootworm populations. PLoS ONE 7(12): e51055. 
 
Meinke, L. J., B. D. Siegfried, R. J. Wright, and L. D. Chandler. 1998. Adult 
susceptibility of nebraska western corn rootworm (Coleoptera: Chrysomelidae) 
populations to selected insecticides. J. Econ. Entomol. 91: 594-600. 
 
Moellenbeck, D. J., M. L. Peters, J. W. Bing, J. R. Rouse, L. S. Higgins, L. Sims, T. 
Nevshemal, L. Marshall, R. T. Ellis, P. G. Bystrak, B. A. Lang, J. L. Stewart, 
K. Kouba, V. Sondag, V. Gustafson, K. Nour, D. Xu, J. Swenson, J. Zhang, 
T. Czapla, G. Schwab, S. Jayne, B. A. Stockoff, K. Narva, H. E. Schnepf, S. 
J. Stelman, C. Poutre, M. Koziel, and N. Duck. 2001. Insecticidal proteins from 
Bacillus thuringiensis protect corn from corn rootworms. Nat. Biotech. 19: 668-
672. 
 
Nowatzki, T. M., S. A. Lefko, R. R. Binning, S. D. Thompson, T. A. Spencer, and B. 
D. Siegfried. 2008. Validation of a novel resistance monitoring technique for corn 
rootworm (Coleoptera: Chrysomelidae) and event DAS-59122-7 maize. J. Econ. 
Entomol.132: 177-188. 
 
Onstad, D. W., 2006. Modeling larval survival and movement to evaluate seed mixtures 
of transgenic corn for the control of western corn rootworm (Coleoptera: 
Chrysomelidae). J. Econ. Entomol. 99: 1407-1414. 
 
50 
 
Onstad, D. W. and L. J. Meinke 2010. Modeling evolution of Diabrotica virgifera 
virgifera (Coleoptera: Chrysomelidae) to transgenic corn with two insecticidal 
traits. J. Econ. Entomol. 103: 849-860. 
  
Oswald, K. J., B. W. French, C. Nielson, and M. Bagley. 2011. Selection for 
Cry3Bb1 resistance in a genetically diverse population of nondiapausing 
western corn rootworm (Coleoptera: Chrysomelidae). J. Econ. Entomol. 104: 
1038-1044. 
 
Oswald, K. J., B. W. French, C. Nielson, and M. Bagley. 2012. Assessment of fitness 
costs in Cry3Bb1-resistant and susceptible western corn rootworm (Coleoptera: 
Chrysomelidae) laboratory colonies. J. Appl. Entomol. 136: 730-740. 
 
Petzold-Maxwell, J. L., X. Cibils-Stewart, B. W. French, and A. J. Gassmann. 
2012. Adaptation by western corn rootworm (Coleoptera: Chrysomelidae) to 
Bt maize: Inheritance, fitness costs, and feeding preference. J. Econ. 
Entomol. 105: 1407-1418. 
 
Pleau, M. J., J. E. Huesing, G. P. Head,  and D. J. Feir. 2002. Development of an 
artificial diet for the western corn rootworm. Entomol. Exp. Appl. 105: 1-11. 
 
Rice, M. E. 2004. Transgenic rootworm corn: assessing potential agronomic, 
economic, and environmental benefits. 
www.plantmanagementnetwork.org/pub/php/review/2004/rootworm/. 
 
Roush, R. T. and J. C. Daly. 1990. The role of population genetics in resistance 
research and management. pp. 97-152. In Rousch, R. T.and B. E. Tabashnik 
(eds.), Pesticide resistance in arthropods. Chapman and Hall, New York and 
London.  
 
SAS Institute Inc. 2011. SAS Version 9.3. SAS Institute Inc., Cary, NC. 
 
Siegfried, B. D., T. T. Vaughn, and T. Spencer 2005. Baseline susceptibility of 
western corn rootworm (Coleoptera: Crysomelidae) to Cry3Bb1 Bacillus 
thuringiensis toxin. J. Econ. Entomol. 98: 1320-1324. 
 
Storer, N. P., 2003. A spatially explicit model simulating western corn rootworm 
(Coleoptera: Chrysomelidae) adaptation to insect-resistant maize. J. Econ. 
Entomol. 96: 1530-1547. 
 
Storer, N. P., J. M. Babcock, and J. M. Edwards. 2006. Field measures of western 
corn rootworm (Coleoptera: Chrysomelidae) mortality caused by Cry34/35Ab1 
proteins expressed in maize event 59122 and implications for trait durability. J. 
Econ. Entomol. 99: 1381-1387. 
  
51 
 
Tabashnik, B. E. 1991. Determining the mode of inheritance of pesticide resistance 
with backcross experiments. J. Econ. Entomol. 84: 703-712. 
 
Tabashnik, B. E., A. J. Gassmann, D. W. Crowder, and Y. Carrière. 2008. Insect 
resistance to Bt crops: evidence versus theory. Nat. Biotechnol. 26: 199-202. 
 
Tabashnik, B., E. F. Gould and Y. Carrière. 2004. Delaying evolution of insect 
resistance to transgenic crops by decreasing dominance and heritability. J. Evol. 
Bio. 17: 904-912. 
 
Tabashnik, B. E. and F. Gould. 2012. Delaying corn rootworm resistance to Bt 
  corn. J. Econ. Entomol. 105: 767-776. 
 
Tabashnik, B. E., Y. B. Liu, T. J. Dennehy, M. A. Sims, M. S. Sisterson, R. W. 
Biggs, and Y. Carrière. 2002. Inheritance of resistance to Bt toxin crylac in a 
field-derived strain of pink bollworm (Lepidoptera: Gelechiidae). J. Econ. 
Entomol. 95: 1018-1026. 
 
Tabashnik, B. E., Y. Carrière, T. J. Dennehy, S. Morin, M. S. Sisterson, R. T. 
Roush, A. M. Shelton, and J.-Z. Zhao. 2003. Insect resistance to transgenic 
Bt crops: lessons from the laboratory and field. J. Econ. Entomol. 96: 1031- 
1038. 
 
Tabashnik, B. E., T. Brévault, and Y. Carrière. 2013. Insect resistance to Bt crops: 
lessons from the first billion acres. Nat. Biotechnol. 31: 510-521. 
 
Toepfer, S. and U. Kuhlmann 2006. Constructing life-tables for the invasive maize 
pest Diabrotica virgifera virgifera (Col.; Chrysomelidae) in Europe. J. Appl. 
Entomol. 130: 193-205. 
 
Wright, R. J., M. E. Scharf, L. J. Meinke, X. Zhou, B. D. Siegfried, and L. D. 
Chandler. 2000. Larval susceptibility of an insecticide-resistant western corn 
rootworm (coleoptera: chrysomelidae) population to soil insecticides: laboratory 
bioassays, assays of detoxification enzymes, and field performance. J. Econ. 
Entomol. 93: 7-13. 
 
Vaughn, T., T. Cavato, G. Brar, T. Coombe, T. DeGooyer, S. Ford, M. Groth, A. 
Howe, S. Johnson, K. Kolacz, C. Pilcher, J. Purcell, C. Romano, L. English, 
and J. Pershing. 2005. A method of controlling corn rootworm feeding using a 
Bacillus thuringiensis protein expressed in transgenic maize. Crop Sci. 45: 931-
938. 
 
 
52 
 
Figures 
 
 
Figure 1. A) proportion of third-instar and , B) body area for parental strains exposed to 
Non-Bt and Bt (59122) maize in Cross 1. Bars represent LS means and error bars are 
the 95% confidence interval. Treatments with a common letter are not significantly 
different from each other at the significance level of 0.05. 
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Figure 2. A) proportion of third-instar for outcrossed strains (Cross 1) , B) body area for 
outcrossed strains (Cross 1), C) proportion of third-instar for Rochelle F1 crossed strains 
(Cross 2), and D) body area for Rochelle F1 crossed strains (Cross 2) exposed to Non-
Bt and Bt (59122) maize. Bars represent LS means and error bars are the 95% 
confidence interval. Treatments with a common letter are not significantly different from 
each other at the significance level of 0.05. 
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Figure 3. Body area distribution of susceptible outcross (SS), F1 x SS backcross, F1 
heterozygote outcross, F1 x RR backcross, and resistant outcross (RR) fed on Bt (DAS-
59122-7) maize. 
 
 
 
Tables 
Table 1. Description of crosses, number of larvae measured (n) per seed type for proportion of third-instar and body 
area 
 
Experiment Insect Strain or Cross Description n non-Bt n Bt n non-Bt n Bt
Cross 1                       YK-s§ Parental Strain 120 102 472 294
(F1 Outcross) YK-r Parental Strain 240 240 902 1423
RH-s Parental Strain 198 236 496 989
RH-r Parental Strain 238 239 588 1294
RH-s♀ x YK-s♂§ Parental Outcross 107 111 268 258
RH-s♂ x YK-s♀§ Parental Outcross 120 120 384 346
RH-s♀ x YK-r♂ Heterozygote Outcross 210 217 473 1061
RH-s♂ x YK-r♀ Heterozygote Outcross 240 240 635 1077
RH-r♀ x YK-s♂§ Heterozygote Outcross 120 120 406 625
RH-r♂ x YK-s♀§ Heterozygote Outcross 120 120 478 524
RH-r♀ x YK-r♂ Parental Outcross 240 240 773 1899
RH-r♂ x YK-r♀ Parental Outcross 240 240 937 1602
Cross 2 RH-sǂ Parental Strain 240 240 2318 2137
(F1 Rochelle Cross) RH-s♀ x RH-r♂ Heterozygote 360 360 3326 2825
RH-r♀ x RH-s♂ Heterozygote 360 360 2004 2038
RH-rǂ Parental Strain 240 240 2241 2163
Cross 3 (RH-s x YK-s) x (RH-s x YK-r)
†
F1 x Susceptible Backcross n/a n/a 295 629
(Backcross) (RH-r x YK-s) x (RH-s x YK-s)
†
F1 x Susceptible Backcross n/a n/a 243 279
(RH-s x YK-r) x (RH-r x YK-r)† F1 x Resistant Backcross n/a n/a 215 665
(RH-r x YK-r) x (RH-r x YK-s)† F1 x Resistant Backcross n/a n/a 261 674
† Lack of ♀ or ♂ symbol next to description of cross denotes male/female reciprocal populations were pooled prior to assay implementation
§ Data from some experimental units had to be omitted from analysis due to discovery of contamination in the YKSS insect strain
ǂ Data from some experimental units had to be omitted from analysis due to contamination from insecticidal seed treatments
Instar Body area
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Table 2. Mean ratio of the proportion of third-instar between reciprocal crosses on Bt 
maize 
 
Comparison LS-Mean Ratio (95% CI)a DF P-valueb
RH-s♀ x YK-s♂ vs. RH-s♂ x YK-s♀  0.746 (0.442-1.26) 120 0.2711
RH-s♀ x YK-r♂ vs. RH-s♂ x YK-r♀ 0.750 (0.497-1.13) 120 0.1687
RH-r♀ x YK-s♂ vs. RH-r♂ x YK-s♀ 0.880 (0.436-1.77) 120 0.7182
RH-r♀ x YK-r♂ vs. RH-r♂ x YK-r♀ 1.10 (0.601-2.01) 120 0.7600
RH-s♀ x RH-r♂ vs. RH-r♀ x RH-s♂ 1.13 (0.827-1.53) 61 0.4437
a Ratio of 1 indicates no difference between reciprocal crosses
b P-value of Testing H0: ratio of proportion 3rd instar between reciprocal crosses = 1  
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Table 3. Mean body area and comparison between reciprocal crosses on Bt maize. 
 
Strain LS-Mean area (mm2) (95% CI) Difference DF P-valuea
RH-s♀ x YK-s♂ 3.41 (2.63-4.19)
RH-s♂ x YK-s♀  3.42 (2.64-4.20)
RH-s♀ x YK-r♂ 3.99 (3.38-4.60)
RH-s♂ x YK-r♀ 3.93 (3.32-4.54)
RH-r♀ x YK-s♂ 4.91 (4.13-5.69)
RH-r♂ x YK-s♀ 5.15 (4.37-5.93)
RH-r♀ x YK-r♂ 5.44 (4.83-6.05)
RH-r♂ x YK-r♀ 5.31 (4.70-5.92)
RH-s♀ x RH-r♂ 4.68 (4.36-5.00)
RH-r♀ x RH-s♂ 4.88 (4.57-5.19) 70
a P-value testing H0: difference of mean body area between reciprocal crosses = 0
-0.0167 0.9724
0.0562 0.8696
-0.239 0.6215
0.126 0.7117
-0.199 0.3755
119
119
119
119
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Table 4. Estimates of effective dominance (h) for heterozygotes based on proportion 
third-instar and body area on Bt maize. 
 
Experiment Strain h  (instar)a h  (body area)a
Cross 1 RH-s x YK-r 0.53 0.28
(F1 Outcross)
RH-r x YK-s 0.86 0.83
Cross 2 RH-s x RH-r 0.52 0.51
(F1 Rochelle Cross)
ah  = [F1 – susceptible] / [resistant – susceptible]) following Tabashnik et al. (2004)  
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Chapter 3. GENERAL CONCLUSIONS 
 Sub-lethal seedling assay (SSA) data from the progeny of adult crosses made 
with several laboratory-selected strains of western corn rootworm (WCR) Diabrotica 
virgifera virgifera LeConte (Coleoptera: Chrysomelidae) and their susceptible 
counterparts indicate that resistance to Bt event DAS-59122-7 (59122) was inherited 
autosomally. Effective dominance calculations ranged from 0.52-0.86 based on percent 
third-instar and 0.28-0.83 based on body area depending on the strain compared and 
duration of the assay, however, all results indicate non-recessive inheritance. The 
Rochelle resistant strain appeared to have a higher level of resistance and dominance 
when compared to the York resistant strain.  
Assays were performed with progeny from backcrosses made to investigate the 
number of genes involved in inheritance of resistance to 59122. Distributions of larval 
size when exposed to 59122 were heavily overlapping between genotypes however, no 
indication of single gene inheritance was observed.  
No fitness costs of resistance were observed in the absence of exposure to Bt for 
either resistant strain. However, application of this data is limited because observations 
are based only on two closely related measures of larval development. A reduction in 
fitness for resistant strains on 59122 in relation to susceptible strains on non-Bt was 
observed which may indicate either incomplete resistance, a lack of fixation in the 
resistant strains, or both.  
Data from the two larval development measures yielded similar conclusions 
indicating some level of correlation between them.    
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Results from this research and similar research in the literature serve to increase 
our understanding of how resistance may develop when the assumptions underlying the 
high dose refuge strategy are not met. More research will be necessary to align the 
impact of these findings with all other aspects that influence the evolution of WCR 
resistance to 59122.   
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APPENDIX 
Optimization Experiment Summary 
Materials and methods. An experiment was conducted in 2012 to test the 
influence of two inputs of the Sub-lethal seedling assay (SSA). All assays were 
conducted using the methods described in sub-lethal seedling assay and sample 
processing sections of chapter 2 under materials and methods with the following 
exceptions. All insects were from a diapausing laboratory strain with no previous 
exposure to 59122 maize. Three assay durations, two quantities of eggs infested, and 
two seed types were combined in a factorial design with 12 total treatments (Table A). 
The design was a randomized complete block with all treatments replicated 4 times 
within a block and 2 blocks separated in time (8 total replicates). Means and standard 
errors were calculated for Number of larvae recovered, mean instar, and mean body 
area.  
 Results and Discussion. The percentage of larvae recovered decreased as 
assay duration increased for all seed type x infest rate combinations with the largest 
decrease (~56%) occurring in the isoline/1000egg treatments (Fig. A). The mean 
percentage of larvae recovered was equivalent or lower for isoline treatments than 
59122 at the longest duration (Fig. A). The maximum mean instar value (3.0) was nearly 
reached in all isoline treatments by day 11 while 59122 treatments continued to steadily 
increase in mean instar as duration increased (Fig. B). This observation could be an 
indication that any duration longer than 11 days will serve only to narrow the separation 
of isoline and 59122 treatments based on instar measures. Mean body area for 59122 
treatments displayed a similar trend to mean instar while isoline body areas declined 
after 11 days of duration (Fig. C). Data for mean body area also indicate that durations 
longer than 11 days could limit the ability to separate isoline and 59122 treatments. 
Additionally, mean body area values for isoline treatments with 1000 eggs infested were 
consistently lower than those infested with 500 eggs which may be indicative of 
increased competition for food at higher insect densities.  
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Figure A. Percentage of larvae recovered for each treatment. Dots represent means 
and error bars are the standard error. 
 
 
Figures B) Instars and C) Body area for each treatment. Dots represent means and 
error bars are the standard error. 
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Table A. Factor levels and treatments  
Treatment Number Seed Type Infest Rate (eggs) Duration (days)
1 Isoline (non-Bt) 500 11
2 Isoline (non-Bt) 500 14
3 Isoline (non-Bt) 500 17
4 Isoline (non-Bt) 1000 11
5 Isoline (non-Bt) 1000 14
6 Isoline (non-Bt) 1000 17
7 59122 (Bt) 500 11
8 59122 (Bt) 500 14
9 59122 (Bt) 500 17
10 59122 (Bt) 1000 11
11 59122 (Bt) 1000 14
12 59122 (Bt) 1000 17  
